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Mental rotation of congenitally absent hands
Abstract
We compared motor imagery performance of normally limbed individuals with that of individuals with
one or both hands missing since birth (i.e., hand amelia). To this aim, 14 unilaterally and 2 bilaterally
amelic participants performed a task requiring the classification of hands depicted in different degrees of
rotation as either a left or a right hand. On the same task, 24 normally limbed participants recapitulated
previously reported effects; that is, that the hand motor dominance and, more generally, a lifelong use of
hands are important determinants of left-right decisions. Unilaterally amelic participants responded
slower to hands corresponding to their absent, compared with their existing, hand. Moreover, left and
right hand amelic participants showed prolonged reaction times to hands (whether left or right) depicted
in unnatural orientations compared with natural orientations. Among the bilateral amelics, the individual
with phantom sensations, but not the one without, showed similar differentiation. These findings
demonstrate that the visual recognition of a hand never physically developed is prolonged, but still
modulated by different rotation angles. They are further compatible with the view that phantom limbs in
hand amelia may constrain motor imagery as much as do amputation phantoms.
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Abstract 
We compared motor imagery performance of normally limbed individuals with 
that of individuals with one or both hands missing since birth (i.e. hand amelia). To this 
aim, fourteen unilaterally and two bilaterally amelic participants performed a task requiring 
the classification of hands depicted in different degrees of rotation as either a left or a right 
hand. On the same task, twenty-four normally limbed participants recapitulated previously 
reported effects; i.e. an influence of their hand motor dominance and of biomechanical joint 
constraints on hand laterality decisions. Unilaterally amelic participants responded slower 
to hands corresponding to their absent, compared to their existing, hand. Moreover, left 
hand amelic participants showed prolonged reaction times to hands (whether left or right) 
depicted in unnatural orientations, while right hand amelics did so only for right hands. 
Among the bilaterally amelics, only the individual with phantom sensations showed effects 
of joint constraints. The findings of the unilaterally amelics may demonstrate that the visual 
recognition of a hand never physically developed is mediated by stored information about 
the other hand. The asymmetry of this mediation could point to a “presumptive right-
handedness” in right hand amelics. Bilaterally amelics' results further suggest that amelic 
phantoms may constrain motor imagery as much as do amputation phantoms.   
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INTRODUCTION 
Higher-order interactions between vision and bodily representations determine 
the mental rotation of body parts (Bonda et al., 1995; Kosslyn et al., 1998; Parsons, 1994; 
Shenton et al., 2004). That is, even the mere imagination of a limb in a specific posture or 
spatial orientation automatically invites a participation of the motor system. One of the 
most frequently employed experimental paradigms in studies of the mental rotation of body 
parts is a task requiring laterality decisions to visually presented hands in different 
orientations. In this "hand laterality task", subjects have to decide if the presented hand is a 
left or a right limb (e.g., Parsons, 1987, 1994; Sekiyama, 1982). Reaction times (RTs) of 
correct decisions clearly reflect the involvement of the observers' motor system. First, right-
handers recognize right hands faster than left hands, while left-handers do not show a 
comparably strong left-hand preference (Gentilucci et al., 1998). Second, backs of hands 
are faster classified than palms as long as the fingers are pointing up, medially or laterally 
(Parsons, 1987). Third, right and left hands whose fingers are pointing in a medial direction 
(i.e., towards the body's midsagittal plane) are faster responded to than those whose fingers 
are pointing laterally (i.e., away from the body's midsaggital plane; Parsons, 1994), a RT 
difference we henceforth designate the "medial-over-lateral advantage" (MOLA). All these 
observations suggest that in recognizing static images of left and right hands in varying 
positions, subjects implicitly move their own hands into the respective position in order to 
reach a laterality decision. The "implicit reaching" (Parsons et al., 1995) towards the visual 
stimulus is not only reflected behaviorally (i.e. in prolonged RTs to awkward, unnatural 
display postures), but the involvement of the motor system has also been demonstrated in 
functional imaging studies (e.g., Bonda et al., 1995; Decety et al., 1994, Parsons et al., 
1995). 
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While specific impairments of hand laterality decisions were described after 
acquired hand motor dysfunction (e.g. Fiorio et al., 2006; Johnson et al., 2000), the impact 
of a complete absence of any hand motor activity since birth has received little attention. To 
date, only two studies set out to investigate hand laterality decision in amelic individuals, 
i.e. individuals born without hands (bilateral hand amelia) or with only one hand (unilateral 
hand amelia). First, Brugger et al. (2000) assessed hand (and foot) laterality decisions of a 
woman (AZ) born without hands and feet, who nevertheless reported vivid phantom 
sensations of all missing limbs. From the fact that RTs were prolonged for body parts with 
fingers (toes) pointing down (180° rotation) rather than up (0° presentation), the authors 
concluded that their subject had a normal cortical representation of hands and feet. A 
second study investigated hand laterality decisions in three individuals with unilateral hand 
amelia (Nico et al., 2004). A MOLA was found for the existing, but not for the missing 
limb. Unfortunately, no information was provided in Nico et al. (2004) whether the three 
amelic patients reported phantom sensations. Because of the evidence suggesting that 
capacity for hand movement is important to the formation of cortical representations of 
hand position, the nature of such representations in subjects born without hands is of 
considerable interest. Data from a total of four reported amelic individuals do not enable 
firm conclusions on this matter. Therefore, we undertook the present study of mental hand 
rotation in 14 subjects with unilateral amelia and 2 subjects with bilateral amelia. Three 
main predictions were made: (1) Based on the preliminary data by Nico et al. (2004; three 
individuals with left-hand amelia), we hypothesized faster RTs for the preserved compared 
to the absent hand. (2) Because of previous reports of a strong bimanual coupling in 
unilateral hand amputees (Franz & Ramachandran, 1998), we expected a MOLA for both 
preserved and absent hand. In addition to the individuals with unilateral hand amelia, we 
also examined two individuals born with bilaterally missing limbs. One of these individuals 
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(AZ) reported vivid phantom sensations while the other (CL) had never experienced any. 
Based on previous work with these two individuals (Funk et al., 2005a) we expected, (3) 
presence of phantom phenomena to be associated with a pattern of hand laterality decisions 
similar to the one displayed by normally limbed participants. 
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METHOD 
Research Participants 
Fourteen subjects with one hand missing since birth (hereafter referred to a: 
"unilaterally amelic participants"), two subjects with congenital absence of both hands 
(hereafter "bilaterally amelic participants") and twenty-four normally limbed control 
subjects participated in the current study that had been approved by the local Ethics 
Committee. Written informed consent was obtained from every participant. No participant 
had ever suffered from serious health problems or developmental disorders as assessed by a 
standardized inventory (Campbell, 2000). All of them reported that they had not taken any 
medication affecting the central nervous system for at least the previous two weeks. All 
participants scored in the normal range in a paper-pencil test of mental object rotation 
(Thurstone & Thurstone, 1941/1962). This means that any performance differences in the 
hand laterality task could be interpreted as due to differences in presence/absence of hands, 
rather than some generally impaired ability in mental rotation. Consequently, difference in 
the hand laterality test could be interpreted thus also as a deficit in motor imagery. 
Participants were recruited by flyers, personal contact or by a self-help group for amelic 
individuals. 
Preliminary to this study, the amelic participants were administered a mental 
rotation task with non-body related objects, i.e. cars, as stimuli (Funk et al., 2005b). Hoods 
pointed left, right, up or down, and the task was to indicate, whether the presented car 
would drive to the left or to the right side if mentally rotated into a horizontal position (i.e. 
wheels down). A right-sided motor response (by a hand, stump or prosthesis) was required 
for right-driving cars and a left-sided response for left-driving cars. We administered this 
task to ascertain that the physical attributes of their upper limbs would not systematically 
influence a motor response. 
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In the unilaterally amelic participants, responding with a stump or a prosthesis 
was statistically comparable to responding with the normally developed hand, both with 
respect to accuracy and speed. In the bilaterally amelic participants, responding with upper 
arm stumps or with the right foot did not introduce any motor bias for one or the other 
response key.  
 
Unilaterally amelic participants  
Nine unilaterally amelic participants (5 women) with an absent left hand (hereafter "absL"; 
age range 8 to 33 yrs, mean=17.4 yrs, SD= 8.7 yrs) and five unilaterally amelic participants 
(2 women) with an absent right hand (hereafter "absR"; age range 12 to 27 yrs, mean=20.6 
yrs, SD= 5.7 yrs) were examined. A hand was regarded as missing if all fingers were 
absent. No member of the unilaterally amelic group had ever experienced any phantom 
sensations of the missing limb during waking life (Brugger & Regard, 1998). However, 
some had experienced themselves performing bimanual activities during sleep dreams. 
Table 1 gives the age and gender of the amelic participants, side and extent of amelia, as 
well as a summary of the subject’s use (if any) of a prosthesis.  
 
********************************** 
INSERT TABLE 1 ABOUT HERE 
          ********************************** 
 
The medical cause of the amelia was unknown in every instance. Figure 1A 
displays a participant with a missing left hand performing the hand laterality task. 
 
********************************** 
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INSERT FIG. 1 ABOUT HERE 
********************************** 
Bilaterally amelic participants 
Two subjects with bilaterally missing hands participated in the present study. AZ 
is a university-educated woman, born 1953 without lower arms and lower legs. AZ 
experienced phantom sensations of her missing body parts as long as she can remember. CL 
is a journalist born 1962 without arms and shortened legs due to thalidomide-related 
embryopathy. In daily life, he uses his right foot for writing, eating, pointing, and gesturing. 
He has never experienced any phantom sensations of his missing limbs. More detail to 
these two participants' physical appearance can be found in Brugger et al. (2000), Brugger 
and Funk (2006) and Funk et al. (2005a). Figures 1B and 1C show them perform the hand 
laterality task. 
 
Normally limbed participants  
Twenty-four normally limbed adults, 12 men and 12 women, formed the control 
group (mean= 31.7 yrs., SD = 8.32 yrs). Most control participants were students or had 
already received an academic degree. All 24 members of the control group were right-handed 
according to the 13-item inventory of Chapman and Chapman (1987), and none had ever had 
a psychiatric or neurological illness nor suffered from developmental disorders (Campbell, 
2000). 
 
Measures 
Hand laterality task 
Photographs of human hands (50% left and 50% right hands; 50% back views 
and 50% palm views; 4 angles of rotation: 0°, 90°, 180° and 270°, clockwise along the 
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vertical axis) were presented on a portable computer with an LCD monitor in the centre of 
the screen. 0° corresponds to a hand with fingers pointing upwards, 180° corresponds to a 
hand with fingers pointing downwards. See Figure 2 for four sample hand stimuli. Maximal 
horizontal and vertical extension of a stimulus was 11.3° of visual angle. We decided to use 
only four stimulus orientations because of concerns about too lengthy testing (especially for 
the children, whose inclusion enabled testing of the sizable sample of unilaterally amelic 
participants introduced here). Moreover, inclusion of more angular rotations in hand 
laterality tasks would have been unlikely to produce a fundamentally different pattern of 
results.  
Participants were required to decide as fast and correctly as possible whether a 
presented hand stimulus depicted a left or a right hand. "RIGHT" ("LEFT") decisions had 
to be provided by pressing a right-sided (left-sided) key on a 2-key special purpose 
keyboard with the right (left) hand, stump or prosthesis. The exact distance between body 
and keyboard was adjusted in a way that allowed all participants to reach the two keys 
comfortably and with a comparable angle between upper and lower arm. CL used the same 
keyboard, but pressed the response keys with his right foot (initiating both left-sided and 
right-sided responses from a location in between the two keys; Fig 1C). The two response 
keys could be adjusted in height to be optimally comfortable for each individual subject.  
Stimulus presentation and response collection were controlled by SuperLab 
software Pro Version 2.0 (Cedrus Corporation, 2002). 
 
********************************** 
INSERT FIG. 2 ABOUT HERE 
********************************** 
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Procedure 
Normally limbed and unilaterally amelic participants responded to 64 randomized 
stimuli (4 repetitions of the 16 different stimuli). Bilaterally amelic participants responded 
to 160 randomized stimuli (10 repetitions of the 16 different stimuli). The higher number of 
repetitions in the bilaterally amelic subjects was to enhance the statistical power of the 
single case analyses. We knew that these subjects would tolerate the corresponding number 
of stimulations. We did not administer a comparable amount of stimulations to the 
unilaterally amelic subjects, not to risk an even smaller sample size of this special 
population. As the unilaterally amelic subjects' results were analysed on a group level, no 
more repetitions were required.There were 16 practice trials (discarded from the analysis). 
Stimulus exposure was only terminated by the participants' response. During the 
task a dark cloth was covering hands and underarms (or prostheses, respectively) to prevent 
a visual image of the own limbs or limb-substitutes.  
 
RESULTS  
Data were transformed logarithmically due to their skewed distribution. As 
assessed by Kolmogorov Smirnov statistics, the thus transformed data were normally 
distributed.  
All participants performed significantly above chance (i.e. >90 correct responses 
for participants receiving 160 trials and >40 correct responses for the participants receiving 
64 trials, 5% alpha level in each case).  
There was no speed-accuracy trade off (correlation Z test, r=-.22, p=.29), and we 
report analyses of RTs of correct responses. 
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Normally limbed participants  
We calculated a four-way repeated measures ANOVA of the RTs of correct 
responses, with gender as a between-subjects factor and stimulus laterality (i.e. side of the 
presented hand as variate, right or left), view (palm or back of hand) and angle of rotation 
(0°, 90°, 180°, 270°; clockwise) as within-subject factors. Significant factors and 
interactions are listed in Table 2 along with the nature of the differences. 
Focusing on the MOLA (see Figure 3), we note that both right as well as left 
hand stimuli were significantly faster responded to when presented in a medial (i.e. 270° for 
right hands and 90° for left hands) as compared to a lateral orientation (i.e. 90° for right and 
270° for left hands): right hands: t(23)=3.84, p<.001; left hands: t(23)=3.69, p<.001.  
 
********************************** 
INSERT TABLE 2 ABOUT HERE 
********************************** 
********************************** 
INSERT FIG. 3 ABOUT HERE 
********************************** 
 
Unilaterally amelic participants 
 A five-way repeated measures ANOVA of the RTs of correct responses 
(between-subjects factors gender and side of missing limb, within-subject factors stimulus 
laterality (side of visually presented hand), view and angle of rotation) was conducted. For 
significant factors and interactions see Table 2. 
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absR showed a MOLA for the right hand (90° vs. 270°: t(4)=2.35, p<.05), but not 
for the preserved left hand (90° vs. 270°: t(4)=1.15, p=.15). absL showed a MOLA for the 
preserved, but also for the missing hand (right hands 90° vs. 270°: t(8)=2.7, p<.05, left 
hands 90° vs. 270°: t(8)=2.3, p<.05);  see Figure 4. 
 
********************************** 
INSERT FIG. 4 ABOUT HERE 
********************************** 
 
Checking for a potential influence of absence/presence of prosthesis on RTs, we calculated 
a four-way repeated measure ANOVA of the RTs of correct responses with the between-
subjects factor prosthesis (myoelectric, cosmetic, no) and within-subject factors stimulus 
laterality, view and angle of rotation. The factor prosthesis (F(2,11)=1.78, p=.21) and all 
interactions with the other factors were not significant. 
 
Bilaterally amelic participants 
 AZ's and CL's RTs of correct decisions were subject to an ANOVA with the 
factors stimulus laterality, view and angle of rotation. Significant main effects and 
interactions are presented in Table 2. 
 Evidently, AZ showed a MOLA for right (t(37)=2.63, p<.01) and left (t(38)=2.01, 
p<.05) hand stimuli (see Figure 5, left panel). CL's RTs to right and to left hands did not 
differ between the four angles of rotation. Consequently, there was no significant MOLA, 
neither for left nor for right hands (Figure 5, right panel). 
 
********************************** 
12  
Funk-Representation of congenitally absent hands 
 
INSERT FIG. 5 ABOUT HERE 
********************************** 
 
DISCUSSION 
In the present study we administered a hand laterality task to fourteen subjects with 
unilateral hand amelia, to two subjects with bilateral hand amelia, and to twenty-four 
normally limbed control subjects. We investigated whether the physical presence of a hand 
is necessary for the visual-somesthetic interactions typically demonstrated by normally 
limbed subjects in this type of task. These interactions comprise, first, a superior 
performance for pictures of hands corresponding to the subject's dominant hand, at least for 
right-handed populations; second, a back-over-palm view advantage for hands presented 
with fingers pointing up and to either side, but not for those with fingers pointing down; 
third, a MOLA of the RTs of correct decisions, i.e. faster responses to hands with fingers 
pointing toward as compared to away from the body’s midsaggital plane. All these 
previously reported effects could be replicated in the present population of normally limbed 
control subjects (see Table 3), and once again support the view that (right) handedness and, 
more generally, biomechanical joint constraints are important determinants of left-right 
decisions regarding visually presented hands. We immediately proceed to a discussion of 
the presence or absence of such constraints in the participants with hand amelia, first 
addressing the findings in the group with unilateral congenital deficiencies.  
Those fourteen participants with only one hand missing showed as clear a back-
over-palm recognition advantage, as did normally limbed subjects. Also, and again in 
correspondence with the data from the control group, RTs of correct decisions were longer 
for 90°/270° and still longer for 180° rotations of a stimulus hand from a canonical, 0°- 
fingers-up orientation. According to our original prediction (1), the life-long physical 
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absence of one hand manifested itself in the fact that hand stimuli depicting the preserved 
hand (a left hand for subjects of the absR group and a right hand for the absL group) were 
significantly faster recognized than pictures of a hand corresponding to the missing one. 
This effect cannot be an artifact of peripheral factors (response initiated by stump or 
prosthesis vs response initiated by preserved hand), because manual responses were 
comparable to stump/prosthesis responses as long as the stimuli were left or right driving 
cars (our control experiment). The shorter RTs to left hands by absR subjects and to right 
hands by absL subjects could indicate that unilaterally amelic participants implicitly moved 
a representation of the preserved hand in order to match it with the visual stimulus. A more 
or less immediate match would need less time than a mismatch, on the basis of which the 
displayed hand would be inferred by the counterpart of the one implicitly moved. Such a 
disconfirmation strategy was already considered by Nico et al. (2004, pp. 128-129) in the 
face of their preliminary data with three congenital amputees (all with a missing left limb). 
 In accordance with our prediction (2), the participants with only a right hand 
showed a MOLA not only for hand pictures representing their normally developed limb, 
but also for those depicting the hand they had never felt, seen nor used for any action. This 
finding is compatible with evidence for strong bimanual coupling in (traumatic) arm 
amputees (Franz & Ramachandran, 1998), although those subjects had experienced 
phantom sensations of their absent hand. It contrasts, however, with data reported by Nico 
et al. (2004), whose three amelic individuals showed a MOLA for the right (present), but 
not the left (congenitally absent) hand. These authors' conclusion that congenital limb 
absence "precludes the ability to produce joint-constrained mental simulations for the 
deleted hand" (p. 128) may have been unwarranted as it was based on the data from not 
enough participants. Unexpectedly, in our five individuals born with only a left hand, a 
significant MOLA emerged exclusively for pictures of the absent right hand. However, the 
14  
Funk-Representation of congenitally absent hands 
 
trend favors also a MOLA for left hands even though the difference did not reach statistical 
significance (possibly due to the small number of subjects). As these individuals thus 
showed the same pattern of MOLAS (significant for right hands, attenuated for left hands) 
as observed in healthy controls (see figure 3), we speculate that most of these individuals 
would have turned out to be right-handed, and that this latent, “presumptive right-
handedness” was more decisive than the longstanding use of the left hand.  
 Wearing a prosthesis, independent of its type (cosmetic or myoelectric), did not 
influence the unilaterally amelic individuals' performance. In the investigation by Nico et 
al. (2004), traumatic amputees' motor imagery was impaired by prosthesis use. The 
impairment reported by these authors was less pronounced if the prosthesis was of a 
myoelectric type and could arguably be used as a tool and thus incorporated in the body 
schema. Evidently, tool-use in cases of amputation bears more capacity for functional 
reorganization than in cases of congenital absence of a limb. 
We had originally planned to study unilaterally amelic participants' performance 
in the hand laterality task as a function of phantom status, i.e. whether or not they had 
experienced phantom sensations of their absent limb (we had predicted a stronger MOLA 
for an absent hand with compared to without phantom sensations). However, despite 
careful, non-suggestive questioning (Valentin, 1836; Brugger & Funk, 2006), we could not 
find one single unilaterally amelic individual with phantoms in our study population.  
For these reasons, the data provided by the participants AZ and CL deserve 
special attention. As these two subjects have never owned even one single hand, any effects 
of implicit motor imagery as reflected in the performance in hand laterality tasks might tell 
us about the components of body schema that were not acquired by habitual physical 
execution of hand movements. To facilitate our discussion of these subjects' performance, 
Table 3 summarizes the main effects and interactions found in the individual analyses. 
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********************************** 
INSERT TABLE 3 ABOUT HERE 
********************************** 
 
As is evident from Table 3 and Figure 5, both participants with congenital 
absence of both hands showed a main effect for angle of rotation: responses to hands with 
fingers pointed downwards (180 degrees) were slower. The fact that only one of these 
subjects had phantom sensations (AZ) suggests that phantom sensations do not underlie this 
angle of rotation effect. 
 Even though the factor "angle of rotation" turned out to be significant in CL's 
data, RTs to right and left hand stimuli, if analyzed separately, did not reliable differ 
between the four presentation angles. Thus, we must consider that CL may have solved the 
hand laterality task in a way principally different to that realized by AZ, the unilaterally 
amelic participants and the normally limbed controls. Mental rotation can be carried out 
exclusively on the basis of motor imagery based strategies, but also by strategies more 
relying on visuo-spatial processing (e.g. Kosslyn et al., 2001; Wraga et al., 2003; Tomasino 
et al., 2005). Which strategy is selected to carry out a mental rotation depends on the 
paradigm used and the specific instructions. For body parts, if subjects are not explicitly 
instructed to specific solve the task with a visual based strategy, a motor imagery based 
strategy will automatically be triggered (e.g. Wraga et al., 2003). Given that CL does not 
report motor imagery of his absent limbs (i.e. does not experience phantom sensations) he 
may have treated hand pictures more like pictures of non-body parts and hence chosen a 
more spatially guided mental rotation strategy. Importantly, CL solved the mental rotation 
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task as well as the control task (mental rotation of non-body related objects) as accurate as 
all other subjects.  
Neither AZ nor CL showed a preference in recognizing right or left hands. One 
could have expected an advantage in recognizing right over left hands as reported from 
right handed, normally limbed subjects, for AZ as she previously provided evidence 
reflecting "right-handedness" (Brugger & Funk, 2006). As CL uses his right foot for all 
daily activities, we could have expected a right hand advantage in his data as well. CL, 
however, responded equally fast to right and left hands. We speculate that a recognition 
advantage for right hands may thus be dependent on the use of a real hand. 
An advantage in recognizing backs of hands over palms was previously described 
in normally limbed controls, at least when participants were holding their hands in a regular 
palm down posture (Shenton et al., 2004; Funk et al., 2005b). It seems that the 
proprioceptively defined hand position markedly influences the coding of hand position 
during mental motor imagery. As CL’s but not AZ’s data conveyed an advantage for 
judging backs of hands over palms, we suggest that in CL’s case the propioceptive input of 
his right foot which he held in a sole down posture for responding may have been 
responsible for this effect. 
 Most important in the context of this study was the evaluation of the interaction 
between stimulus laterality and angle of rotation of which the MOLA is the crucial aspect. 
According to our third prediction, we found significant MOLAs for both hands for AZ, but 
not for CL. While the absence of any MOLA in the case of CL speaks for the necessity of 
sensorimotor experiences with reference to hands, its presence in AZ refutes this 
contention. We suggest that the normal modification of RTs to hand stimuli by rotation 
angle may be linked to AZ's phantom sensations. Whether phantom sensations "prime" 
hand laterality decisions by stored motor programs or, in a more top-down way, by 
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attention mechanisms (such as reported in studies on the effect of pain; Moseley et al., 
2005) needs to be explored in future empirical work. Rather than giving testimony to the 
innateness of body schema (Abramson & Feibel, 1981), such phantoms sensations may 
have been acquired in early life during the repeated visual observation of other people 
moving their limbs. We have proposed elsewhere (Brugger et al., 2000) that the 
somatotopically organized neural system responsible for matching action observation and 
action execution (the "mirror system"; Buccino et al., 2001) may contribute to the genesis 
of phantoms in cases of congenital absence of limbs (see also Price, 2006). We readily 
admit that such a proposal cannot account for the fact that only a minority of individuals 
with amelia have ever experienced phantoms of their missing limbs (about 20%, according 
to Melzack et al., 1997). In any case, we have recently shown that AZ’s, but not CL’s, 
apparent motion perception of upper limbs is influenced by the range of hand and arm 
movements that can physically be executed (Funk et al., 2005a). The interaction between 
view and angle of rotation, significant in the present experiment for AZ but not for CL, 
adds more evidence for the close links between seeing and (implicit) motor imagery 
processes. 
In summary, our experiment revealed that subjects’ performance on a hand 
laterality task is clearly influenced by the congenital absence of a hand. A handedness 
effect was found in unilaterally amelic subjects, indicating that, compared to the developed 
hand, the absent hand was more difficult to classify as a left or a right limb. In addition, 
however, also decisions regarding the absent hand were dependent on the display angle of a 
stimulus. Finally, in the two participants born with neither a left nor a right hand, no 
handedness effects were evident. In the one person with a history of phantom sensations, 
but not in the one without, RTs to stimulus hands depicted in "awkward" rotation angles 
were longer that those to "comfortable" hand postures, indicating a motor system 
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participation. Together these results indicate that a lifelong use of one hand can facilitate 
motor imagery processes regarding the other hand, and that the presence of phantom 
sensations may be an important factor in the motor imagery regarding congenitally absent 
limbs. We emphasize that the present findings cannot directly elucidate the mechanisms 
that lead to the emergence of phantoms of congenitally absent limbs. We suggest that, to 
this end, future behavioral and neurophysiological studies will have to explore the mirror 
neuron system of subjects with amelia and phantom sensations and compare its 
organization with that of amelic subjects without such sensations.  
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Table 1  
Side of hand amelia Extent of amelia Prosthesis Phantoms Age Gender 
Right below elbow cosmetic no 27 m 
Right above elbow none no 12 f 
Right above elbow none no 23 f 
Right below elbow none no 18 m 
Right below elbow cosmetic no 23 m 
Left below elbow myoelectric no 11 f 
Left above elbow none no 8 m 
Left below elbow none no 10 f 
Left below elbow none no 12 f 
Left below elbow cosmetic no 12 f 
Left below elbow cosmetic no 22 f 
Left below elbow myoelectric no 26 m 
Left below elbow myoelectric no 33 m 
Left below elbow myoelectric no 23 m 
right and left (AZ) below elbow none yes 50 f 
right and left (CL) below elbow none no 41 m 
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Table 2  
Group Sign. main effects  
and interactions 
F value/p value Nature 
NLP angle of rotation F(3,60)=62.55, p<.001 RTs increased with hand rotation away from 0° 
(p<.001) 
NLP view F(1,20)=30.53, p<.001 Backs of hands faster than palms (p<.001) 
NLP stimulus laterality F(1,20)=20.62, p<.001 Right hands faster than left hands (p<.001) 
NLP view x angle of 
rotation 
F(3,60)=13.67, p<.001 Backs of hands faster than palms in 0°, 90° and 
270° (p<.001)  
NLP stimulus laterality x 
angle of rotation 
F(3,60)=9.80, p<.001 Right hands faster than left hands in 0°, 180° and 
270° (p<.01) left hands faster in 90° (p<.05); see 
Figure 3. 
NLP three-way interaction between view x stimulus laterality x angle of rotation; not further discussed 
UAP angle of rotation F(3,30)=40.98, p<.001) RTs increased with hand rotation away from 0° 
(p<.05) 
UAP view F(1,10)=32.81, p<.001 Backs of hands faster than palms (p<.001) 
UAP Stimulus laterality x 
missing limb 
F(1,10)=31.22 p<.001 absL (p<.01) and absR (p=.01) faster recognized 
hand stimuli corresponding to their normally 
developed limb than to those corresponding to their 
missing limb  
UAP view x  angle of 
rotation 
(F(3,30)=6.52, p<.01 RTs of palms and backs of hands increased angular 
rotation of the hand stimuli away from 0°/360°.  
UAP stimulus laterality x 
angle of rotation 
(F(3,30)=6.95, p=.001 Right hands=left hands in 90° (p=.07)  
Right hands faster than left hands in 270° (p<.01) 
RTs to right and left hands increased with angular 
rotation away from 0°/360° (p<.001). See Figure 4. 
UAP interaction between view, stimulus laterality and side of missing limb; not further discussed 
AZ angle of rotation F(3,141)=7.33, p<.01 RTs increased with hand rotation away from 0° 
(p<.01) 
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AZ view x angle of 
rotation 
F(3,141)=4.31, p<.01) Palms faster than backs of hands in 180° (p=.001) 
AZ stimulus laterality x 
angle of rotation 
F(3,141)=3.90, p=0.01 Right faster than left hands in 270° (p<.01). RTs to 
right and left hands increased with angular rotation 
away from 0°. See Fig. 5, left pane.) 
CL angle of rotation F(3,129)=3.83, p=0.01 RTs to hands under 180° longer than 270° (p<.05) 
CL view  F(1,129)=41.2, p<.001 Backs of hands faster than palms (p<.001) 
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Table 3 
 Main effects: Interactions: 
Subjects 
I: angle of 
rotation 
II: stimulus 
laterality 
III: view I x II II x III I x III 
I x II x 
III 
AZ; with phantoms + - - + - + - 
CL; without phantoms + - + - - - - 
normally limbed subjects 
(in accordance with 
published findings, e.g. 
Parsons, 1987) 
+ + + + - + + 
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Table Caption and Figure Legends 
 
Table 1:  
List of amelic participants with their individual characteristics 
 
Table 2:  
List of the significant main effects and interactions as well as the nature of the difference in 
normally limbed participants (NLP), unilaterally amelic participants (UAP) and the bilaterally 
amelic participants AZ and CL. 
 
Table 3: 
Summary of significant main effects and interactions (+: present; -: absent) found in the 3-
way ANOVA of the RTs of correct decisions in the hand laterality task with the factors 
angle of rotation (0°, 90°, 180°, 270°), stimulus laterality (left or right hand) and view (back 
of hands or palm). Data from AZ, CL and normally limbed subjects. 
 
Figure 1:  
A participant with a unilaterally missing left hand (panel 1A) and participant AZ with a tetra-
amelia (panel 1B) and CL with a bilateral hand amelia (panel 1C). 
 
Figure 2:  
Four out of 16 stimulus samples used. Displayed are, from left to right angles of 90°, 0°, 
270°, and 180°. 50% of the stimuli represented left hands, 50% right hands. Orthogonally, 
50% of the hands were presented in palm view, 50% in back view.  
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Figure 3:  
Significant interaction between stimulus laterality and angle of rotation in the participants 
of the normally limbed control group. Displayed are means ± standard errors. There is a 
significant MOLA, i.e. faster decisions to medially as compared to laterally displayed 
hands. 
 
Figure 4:  
Significant interaction between stimulus laterality and angle of rotation in the participants 
with a unilateral hand amelia. The left panel displays the results of the participants with a 
missing right hand, the right panel the results of the participants with a missing left hand. 
Displayed are means ± standard errors. Participants with a congenitally missing right hand 
show a significant MOLA, i.e. faster decisions to medially as compared to laterally 
displayed hands for right hand stimuli. Participants with a congenitally missing left hand 
show a significant MOLA for right and left hand stimuli.  
 
Figure 5:  
Significant interaction between stimulus laterality and angle of rotation in the participants 
with a bilateral hand amelia, the left panel displays the results of participant AZ with 
phantom sensations, the right panel the results of participant CL without phantom 
sensations. Displayed are means ± standard errors. The MOLA, i.e. faster decisions to 
medially compared to laterally displayed hands, is significant for AZ, but not for CL. 
 
Figures and Tables 
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Figure 3 
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Figure 4 
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Figure 5 
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